Mixing of saline and fresh water is a process of energy dissipation. The fresh water flow that enters 7 an estuary from the river contains potential energy with respect to the saline ocean water. This 8 potential energy is able to perform work. Looking from the ocean to the river, there is a gradual 9 transition from saline to fresh water and an associated rise of the water level in accordance with the 10 increase of potential energy. Alluvial estuaries are systems that are free to adjust dissipation 11 processes to the energy sources that drive them, primarily the kinetic energy of the tide and the 12 potential energy of the river flow, and to a minor extent the energy in wind and waves. Mixing is 13 the process that dissipates the potential energy of the fresh water.
Introduction 25
Mixing of fresh and saline water in estuaries is governed by the dispersion-advection equation, 26 which results from the combination of the salt balance and the water balance under partial to well-27 mixed conditions (see e.g., Savenije, 2005) . The partially to well-mixed condition applies when the 28 increase of the salinity over the estuarine depth is gradual. The salinity equation reads: 29 (third term). If there is no other source of salinity, then the sum of these terms is zero. If we average 36 this equation over a tidal period, then the first term reflects the long term change of the salinity as a 37 result of the balance between the advection of fresh water from the river and the tidal average 38 exchange flows. In a steady state, where the first term is zero, the equation can be simply integrated 39 with respect to x, yielding: 40
with the condition that at the upstream boundary d S / d x = 0 and S=S f , the salinity of the fresh 42 river water. In the steady state situation the discharge Q then equals the freshwater discharge 43 coming from upstream, which has a negative value moving seaward; similarly the salinity gradient 44
is negative with the salinity decreasing in upstream direction. Assuming that in a given 45 estuary the geometry A(x) is known, as well as the observed salinity and discharge of the fresh river 46 water, then this differential equation has two unknowns D(x) and S(x). 47
48
In the steady state, the flushing out of salt by the fresh river discharge is balanced by the exchange 49 of saline and fresh water resulting from a combination of mixing processes, which causes an upriver 50 flux of salt. The sketch in Figure 1 presents the system description with a typical longitudinal 51 salinity distribution (in red). It also shows the associated water level (in blue), which has an 52 upstream gradient due to the decreasing salinity. Because of the density difference, the hydrostatic 53 pressures on both sides (in yellow) are not equal. The water level at the toe of the salt intrusion 54 curve is Δh higher, resulting in a seaward pressure difference near the surface and an inland 55 pressure difference near the bottom. Although the hydrostatic forces (the integrals of the hydrostatic 56 pressure distributions) are equal and opposed in steady state, they have different working lines, a 57 distance Δh/3 apart. This triggers an angular momentum, which drives the gravitational circulation. 58 59 60 
65
The dispersion coefficient of Eq. (2) Here we take a system's approach, where the assumption is that the different mechanisms are not 82 independent but are jointly at work to reduce the salinity gradient that drives the exchange flows. 83 We use the concept of Maximum Power, as described by Kleidon (2016) . Kleidon defines Earth 84 system processes as dissipative systems that do conserve mass and energy, but export entropy. 85
These systems tend to function at maximum power, whereby the power of the system can be 86 defined as the product of a process flux and the gradient driving the flux. The ability to maintain 87 this power (i.e., work through time) in steady state results from the exchange fluxes at the system 88 boundary, and when work is performed at the maximum possible rate within the system 89 ("Maximum Power"), this equilibrium state reflects the conditions at the system boundary. The key 90 parameter describing the process can then be found by maximizing the power. 91 92
From an energy perspective, we see that the freshwater flux, which has a lower density than saline 93 water and, without a counteracting process would float on top of the saline water, adds potential 94 energy to the system; while the tide, which flows in and out of the estuary at a regular pace, creates 95 turbulence, mixes the fresh and saline water and hence works at reducing this potential energy. This 96 is why dispersion predictors are generally linked to the estuarine Richardson number, which 97 represents the ratio of the potential energy of the fresh water entering the estuary to the kinetic 98 energy of the tidal flow. 99 100
In thermodynamic terms, the freshwater flux maintains a potential energy gradient, which triggers 101 mixing processes that work at depleting this gradient. Because the strength of the mixing of fresh 102
and saline water in turn depends on this gradient, there is an optimum where the mixing process 103 performs at maximum power. From a system point of view, it is not really relevant which particular 104 mixing process is dominant, or how these different processes jointly reduce the salinity gradient. 105
What is relevant is how the optimum flux associated with this mixing process, yielding maximum 106 power, depends on the dispersion. 107 108
In our case, the power derived from the potential energy of the freshwater flux is described by the 109 product of the upstream dispersive water flux and the gradient in geopotential height driving this 110 flux, or alternatively, the product of the dispersive exchange flux and the water level gradient. The 111 optimum situation is achieved when the system is in equilibrium state. 112 113
The water level gradient follows from the balance between the hydrostatic pressures of fresh and 114 saline water (see e.g., Savenije, 2005) , resulting in: 115 The upstream dispersive flux is implicit in the salt balance equation (2), which in steady state can 129 be written as:
The left hand term is the salt flux due to the fresh water of the river that pushes back the salt, 132 whereas the right hand term is the dispersive intrusion of salt due to the exchange flux of the 133 combined mixing processes (see Figure 1 ). Writing both sides as water fluxes results in: 134
The right hand side is the water exchange flux, which is the flux that depletes the gradient. As eq. 136 (6) shows, in steady state this exchange flux is equal to the fresh water discharge. Combination of 137 the flux and the gradient leads to the power of the mixing system per unit length (defined as a 138 positive quantity): 139
Applying the theory of maximum power to the dispersive process, we need to maximize the power 141 with regard to the dispersion coefficient, which is the parameter representing the mixing and which 142 is the main unknown in salt intrusion prediction:
Applying eq. (8) with constant river discharge Q and constant depth h --the property of an ideal 145 alluvial estuary, according to Savenije (2005) --leads to:
Using the salt balance equation, where
, differentiation leads to: 148
where the prime means the gradient of the parameters with respect to x. Application of eq. (9) then 150 yields: 151
We introduce three length scales: The two equations (2) and (12) The downstream part of estuaries with an inflection point has a much shorter convergence length, 197
giving the estuary a typical trumped shape. This wider part is generally not longer than about 10 198 km, which is the distance over which ocean waves dissipate their energy. Beyond the inflection 199 point, the shape is determined by the combination of kinetic energy of the tide and the potential 200 energy of the river flow. If the tidal energy is dominant over the potential energy of the river, then 201 the convergence is short, leading to a pronounced funnel shape; if the potential energy of the river is 202 large due to regular and substantial flood flows, then the convergence is large, typical for deltas. 203
Hence, the topography can be described by two branches: 204 
